Introduction
Utilization of high-P iron ores is gaining considerable attention because of large reserves and the depletion of high-grade iron ores. The use of low-grade iron ores results in an increase in the P content in hot metal. Therefore, P is removed from iron ores prior to its use in smelting. 1) A variety of dephosphorization processes for high-P iron ores have been developed such as acid leaching, carbothermic reduction, and physical beneficiation. [2] [3] [4] Due to the large amount of iron ores, an enormous processing capacity is required and the treatment cost is also huge, which restricts the industrialization of these methods.
P existing in high-P iron ores is considered a potential source of phosphorus. We should therefore pay attention to the comprehensive utilization of high-P iron ores. Through efficient dephosphorization using multi-phase slag, high levels of P in hot metal can be removed, leading to its concentration in slag. 5 ) P is mainly found in the 2CaO•SiO 2 -3CaO•P 2 O 5 (C 2 S-C 3 P) solid solution in steelmaking slag, which has a high P 2 O 5 content and high distribution ratio between C 2 S-C 3 P solid solution and other phases. 6) If the P-concentrated solid solution can be extracted from the slag, the obtained phosphate will be suitable for producing phos-
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phate fertilizers. The residual slag with the low P 2 O 5 content can be recycled during the steelmaking process. It is likely that the increased cost involved in utilizing high-P iron ores could be covered by the income generated by the sale of the recovered phosphate product and the savings resulting from the recycling of steelmaking slag after P separation.
7)
Developing an effective and economic process to recover P from slag with high P 2 O 5 content plays a significant role in stimulating the utilization of high-P iron ores, simultaneously ensuring the reliable supply of phosphate fertilizers as the global population increases.
Various methods have been explored for the separation and recovery of P from steelmaking slag based on differences in physicochemical properties between different compounds and phases in the slag. Li et al. 8) proposed the reduction of dephosphorization slag by C-saturated hot metal to remove P, Mn, and Fe. The obtained Fe-P-Mn alloy was further dephosphorized to produce slag with high P 2 O 5 content as a fertilizer. Yokoyama et al. 9) studied the separation of the P-rich solid solution and Fe-rich phase with the aid of a strong magnetic field. Considering the density of each phase, Li et al. 10) tried to remove the P-concentrated phase from slag via super gravity.
The C 2 S-C 3 P solid solution has a higher solubility than other phases in water. This led to Teratoko and Kitamura et al. 11) proposing a novel technique: selective leaching of the solid solution. It is achieved by dissolving and separating P-concentrated solid solution from slag, without dissolving other phases in aqueous solutions, at a constant pH condition; however, the dissolution ratio of P was not high. 12) In the case of high P 2 O 5 content, the dissolution of the solid solution became more difficult. In addition, comparing with FeO and Fe 2 O 3 as iron oxide in slag, the slag with FeO showed a lower dissolution ratio of P, which was not appropriate for selective leaching of P. 11) To promote dissolution of the solid solution in the slag with high P 2 O 5 content, we conducted a series of studies. [13] [14] [15] It was determined that using citric acid as the leaching agent, decreasing the cooling rate of molten slag, and modifying the slag by adding Na 2 O were beneficial for achieving selective leaching of the solid solution. The dissolution of the solid solution was promoted under these conditions, while those of the other phases were suppressed.
On the basis of the above results, an innovative process for P recovery from the steelmaking slag with high P 2 O 5 content via selective leaching is proposed. To determine the optimum conditions for the selective leaching of P, the effects of the cooling rate of molten slag, Na 2 O content in the slag, and pH on the dissolution behavior of the modified slag in the aqueous solution were investigated. Following leaching, a precipitation method was applied to recover P from the leachate. The effect of pH on the composition of the precipitate and P recovery ratio was studied.
Experimental Method

Synthesis of Slags
A CaO-SiO 2 -Fe 2 O 3 -P 2 O 5 -MgO slag system was prepared by mixing reagent-grade CaO (obtained by calcining CaCO 3 at 1 273 K for at least 10 h), SiO 2 , Fe 2 O 3 , Ca 3 (PO 4 ) 2 , and MgO. Na 2 SiO 3 was added as the modifier. Fe 2 O 3 was used as the iron oxide because it favored the selective leaching of P from slag. The compositions of each slag are listed in Table 1 . Thoroughly mixed reagents (10 g) were placed in a Pt crucible and heated in an electrical resistance furnace to 1 823 K under air. As shown in Fig. 1 , after forming a liquid phase, the slag was cooled to 1 623 K and kept at this temperature for 20 min to precipitate the solid solution. To quench, the slag was cooled quickly with water. During furnace cooling, the slag was cooled to 1 323 K at a rate of 5 K/min, and then taken out of furnace. The composition of each phase in the slag was determined using an electron probe micro analyzer (EPMA).
Leaching of Slags
The leaching apparatus is the same as that used in previous studies. 13) Ground slag (1 g, < 53 μm) was added to 400 mL deionized water in a container at 298 K. To increase the reaction rate, the aqueous solution was agitated using a stirrer at a speed of 200 r/min. During leaching, the dissolution of Ca from the slag would increase the pH of the aqueous solution. To maintain a constant pH, citric acid solution (0.1 mol/L) was automatically added as the leaching agent using a PC control system. Approximately 5 mL of the aqueous solution was sampled at adequate intervals and filtered using a syringe filter ( < 0.45 μm). The concentration of each element was analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES). After 2 h of leaching, the residue was filtered, dried, and weighed. X-ray diffraction (XRD) analysis and ICP-AES were used to determine the remaining phase and residue composition. Table 1 also lists the leaching tests conducted at various pH conditions.
P Precipitation from the Leachate
The leachate collected from the leaching experiment was further treated to recover P. Calcium phosphate compounds have little solubility at higher pH, and this made it possible to precipitate the dissolved P in the leachate via the addition of the Ca(OH) 2 solution. To investigate the effect of pH on P precipitation, the pH of the leachate were adjusted to 9, 10, 11, and 12, respectively, by adding saturated Ca(OH) 2 solution. The aqueous solution was settled for 24 h to separate the precipitate from the aqueous solution. The precipitate obtained was first dried at 373 K and then calcined at 873 K for 2 h to remove crystal water and form a crystalline substance. Finally, a phosphate product was obtained. The composition of this phosphate product was analyzed using XRD, and the content of each component was determined using ICP-AES. Figure 2 shows the typical mineralogical compositions of slags with different Na 2 O contents and cooling rates. The average composition of each phase is listed in Table  2 . There were three phases in the furnace-cooled slags: magnesioferrite phase (rich in Fe 2 O 3 and MgO), matrix phase (mainly consisting of CaO-SiO 2 -Fe 2 O 3 system), and solid solution (P 2 O 5 concentrated). In the quenched slag, the magnesioferrite phase did not precipitate, and only the matrix phase and solid solution were observed. Some fine solid solution particles that precipitated during quenching were distributed in the matrix phase. In the case of furnace cooling, the effect of the Na 2 O content on the composition Table 1 . Slag composition (mass%) and leaching condition. of the magnesioferrite phase was not significant. P 2 O 5 content in the matrix phase and in the solid solution decreased with increasing Na 2 O content in slag. Further addition of Na 2 O resulted in a higher Na 2 O content in the solid solution.
Results and Discussion
Mineralogical Composition
Compared to the furnace-cooled slag with the same Na 2 O content, the composition of solid solution in the quenched slag was almost the same. P 2 O 5 and Fe 2 O 3 contents in the matrix phase in quenched slag were higher than those in furnace-cooled slag. This was due to the existence of fine solid solution particles, with no precipitation of the magnesioferrite phase.
Leaching Results
The effect of the Na 2 O content on the dissolution behavior of each element from the furnace-cooled slags at pH 6 is shown in Fig. 3 . The concentrations of each element increased with leaching time. The dissolution rate gradually decreased owing to increased concentrations of each element in the aqueous solution. Ca concentration was the highest among the dissolved elements and it increased significantly with the increase in the Na 2 O content in slag. Si and P concentrations were also increased by the addition of Na 2 O. Fe concentration was the lowest in the aqueous solution: less than 10 mg/L in each case.
As discussed in previous studies, 15) the dissolution ratios of each element from slag were calculated using Eq. (1):
where
is the dissolution ratio of element M from slag, C M the concentration of M after 120 min (mg/L), V the final volume of the aqueous solution (L), and m M the mass of M in the initial slag (mg). Figure 4 shows the calculated dissolution ratios at pH 6. There were significant differences between the dissolution ratios of the elements. The dissolution ratio of P was the highest. Fe was difficult to dissolve, and its dissolution ratio was negligible in each case. The dissolution ratio of Na exceeded 40% when the Na 2 O content in slag was more than 2.5 mass%. With the increase in the Na 2 O content, the dissolution ratios of Ca, Si, and P increased. These results indicated that Na 2 O addition promoted dissolution of the P-condensed phase without dissolving phases containing Fe. When the Na 2 O content in the slag exceeded 2.5 mass%, the dissolution ratio of P increased to 73%, approximately half of the Ca and one third of the Si were dissolved simultaneously. Therefore, the addition of 2.5-4.0 mass% of Na 2 O to slag was sufficient to achieve good selective leaching of P. Figure 5 shows the effect of pH on the dissolution behavior of P and Fe from the slag containing 4 mass% of Na 2 O. Decreasing pH of the aqueous solution improved the dissolution rate of P from slag and also increased the P concentration. When the pH decreased from 7 to 5, there was a significant increase in the P concentration; however, further decrease in pH changed the P concentration slightly. Fe concentration was very low less than 20 mg/L when the pH exceeded 5. When the pH was less than 5, Fe concentration increased to approximately 140 mg/L, which was caused by significant dissolution of the Fe-containing phase.
Calculated dissolution ratios of each element at various pH conditions are shown in Fig. 6 . Dissolution of slag increased when the pH value decreased, resulting in higher dissolution ratios of each element. The dissolution ratios of Fe and Mg were lower than those of other elements in each case, indicating that the phases rich in Fe and Mg were difficult to dissolve. The dissolution ratio of P increased from 49.7% to 76.9% when the pH varied from 7 to 6. A further decrease in pH had little effect in promoting P dissolution. The dissolution behavior of Na was similar with that of Ca and Si. At pH 5 or 6, about half of Na was dissolved from slag. There was a huge difference in the dissolution ratios of other elements between pH 5 and 4, especially Fe. Large amounts of Fe and Mg dissolution deteriorated selective leaching, which was not beneficial for P recovery in the following processes. The pH of the aqueous solution should be controlled between 5 and 6 to achieve better selective leaching of P from slag. Figure 7 shows the effect of the cooling rate on the dissolution ratios of Ca, P, and Fe from slag containing 4 mass% of Na 2 O. At pH 6, the dissolution ratios of Ca and Fe from each slag were almost the same. A lower dissolution ratio of Fe indicated that the matrix phase was not dissolved easily, regardless of the cooling rate. The dissolution ratio of P from furnace-cooled slag was higher than that from quenched slag. When the pH decreased to 5, the dissolution of the quenched slag was promoted, resulting in higher dissolution ratios of Ca and Fe. In the case of furnace cooling, the dissolution ratios of each element increased slightly. The furnace-cooled slag exhibited a higher dissolution ratio of P and a lower dissolution ratio of Fe at pH 5 than quenched slag. A decrease in the cooling rate was necessary for the modified slag to achieve better selective leaching of P. Figure 8 shows XRD patterns of the slag with 4 mass% of Na 2 O and its residues after leaching at pH 5 and 6. Peaks associated with solid solution and magnesioferrite were observed in the original slag. After leaching, intensities of the peaks associated with solid solution weakened; those peaks almost disappeared at pH 5. In contrast, the peaks associated with magnesioferrite intensified. The P-concentrated solid solution could be separated from the slag by leaching and the residue had the potential for recycling within the steelmaking process.
Residue Composition
Discussion on Selective Leaching of P
Mass fractions of different phases in different slags were calculated on the basis of mass balance. 15) As described in Eqs. (2) and (3), the sum of the oxide MO content in each phase was equal to its content in slag. where w(MO) slag is the MO content in slag, w(MO) i is the MO content in phase i (shown in Table 2 ), and X i is the mass fraction of phase i. For slags with different Na 2 O contents, the phase fraction was compared with the mass ratios of dissolved portion and residue at pH 6 to estimate the dissolution behavior of solid solution. Figure 9 shows that with the increase in the Na 2 O content, the mass fraction of the solid solution increased while that of the matrix phase decreased. In the case of unmodified slag, the mass ratio of the dissolved portion was lower than that of the solid solution, indicating that a part of the solid solution remained in the residue and did not dissolve. The mass ratio of the dissolved part increased due to Na 2 O modification. It was almost similar to the mass fraction of the solid solution when the Na 2 O content exceeded 2.5 mass%. Fe-rich matrix phase and magnesioferrite were difficult to dissolve because of the lower dissolution ratio of Fe. This result indicated that most of the solid solution was dissolved from slag. A further increase in the Na 2 O content resulted in an increase in the dissolution of slag together with the mass fraction of the solid solution in the slag. The mass ratio of the dissolved part was a little higher than that of the solid solution.
It illustrated that the solid solution could be dissolved and . 9 . Mass ratios of the residue and dissolved part at pH 6, compared with the phase fractions of each slag. where m M SS is the original mass of element M in solid solution (mg). The value of R P SS indicated the dissolution ratio of solid solution since the dissolution of P occurred mainly from the latter. Figure 10 shows the relationship between dissolution ratio of solid solution and the molar ratio of Na 2 O to P 2 O 5 in solid solution. With increasing Na 2 O content in slag, the molar ratio of Na 2 O to P 2 O 5 in solid solution increased. It has been reported that 2CaO·Na 2 O·P 2 O 5 had higher solubility than 3CaO·P 2 O 5 .
16) The addition of 0.1 mol Na 2 O to 1 mol P 2 O 5 of calcium phosphate was unfavorable but more than 0.2 mol of Na 2 O favored the formation of soluble phosphate. 17) When the molar ratio of Na 2 O to P 2 O 5 increased from 0 to 0.29, the dissolution ratio of solid solution increased significantly. A further increase in the molar ratio improved the dissolution of the solid solution negligibly. This result indicated that a solid solution with good solubility was formed when the molar ratio of Na 2 O to P 2 O 5 exceeded 0.29, which agreed with previous studies.
Assuming that each phase was individually dissolved from slag, the dissolution ratios of each element from slag could be calculated using the mass fraction and phase composition of each phase (listed in Table 2 ). Figure 11 shows calculated dissolution ratios and experimental results of slag with 4 mass% of Na 2 O at various pH conditions. The dissolution ratios of P and Ca from slag reached 92% and 45.5%, respectively, when the solid solution was totally dissolved. At pH 7, the dissolution ratio of P was lower than the calculated value, indicating that the dissolution of solid solution was poor. When the pH was between 6 and 5, the dissolution ratio of P increased and approached the calculated value. The dissolution ratios of Ca and Si were a little higher than the values calculated from solid solution. It demonstrated that most of the solid solution was dissolved and dissolution of other phases was insignificant. When the pH was lower than 4.5, the dissolution ratios of Ca and Si were higher than the values calculated from solid solution and lower when the solid solution and matrix phase were both dissolved. This result indicated that a portion of the dissolved Ca and Si was from dissolution of the matrix phase. The dissolution of Fe also went through similar conditions: when the pH varied from 5 to 4, the dissolution ratio of Fe gradually approached the value calculated from matrix phase. There was significant variation in the dissolution of matrix phase between pH 5 and 4.5. Figure 12 shows the mass ratios of the dissolved slag and residue at various pH conditions, compared with each phase in the original slag. At pH 7, the mass ratio of the dissolved portion was lower than that of the solid solution. With the decrease in pH, the mass ratio of the dissolved portion increased and exceeded that of the solid solution at pH 6, indicating that a majority of the solid solution was dissolved. When the pH decreased to less than 4.5, approximately 70% of slag was dissolved, which was almost equal to the mass fractions of solid solution and a large proportion of the matrix phase. These results were consistent with the above discussion. To avoid dissolution of matrix phase and achieve selective leaching of solid solution, the pH should be controlled between 5 and 6.
The effect of the cooling rate on the dissolution behavior of each phase was investigated by calculating the presumed Fig. 10 . Relationship between the dissolution ratio of solid solution and the molar ratio of Na2O to P2O5 in solid solution. Fig. 11 . Calculated dissolution ratios of some elements from slag when each phase was dissolved, and the experimental results.
Fig. 12.
Mass ratios of the residue and dissolved part at various pH conditions, compared with phase fraction. dissolution ratios of Ca and P from solid solution (m SS Ca and m SS P ) using Eq. (4). For this index, dissolution was assumed to occur from only the solid solution. If the calculated value was more than unity, it indicated that the dissolution of the element occurred from the solid solution and from the matrix phase. Figure 13 shows the presumed dissolution ratios of Ca and P from solid solution under different cooling rates. In the case of furnace cooling, the presumed dissolution ratios of Ca and P were close to unity at pH 5 and 6, illustrating that almost all of the solid solution was dissolved, and that the matrix phase was barely dissolved. In the case of quenching, selective leaching of solid solution occurred at pH 6. The dissolution ratio of P from quenched slag was lower than that from furnace-cooled slag. This was because the solid solution in furnace-cooled slag aggregated and fine solid solution particles were not distributed in the matrix phase, which facilitated leaching of the solid solution. At pH 5, the presumed dissolution ratio of Ca was far greater than unity, indicating that part of the matrix phase in quenched slag was dissolved. The possible reason was that the increasing cooling rate changed the structure of the silicate glass 18) and hindered precipitation of the crystalline phase, 14) promoting dissolution of the matrix phase. Slow cooling was thus beneficial for selective leaching of the solid solution.
P Recovery from the Leachate
The composition of the leachate obtained by leaching of slag with 4 mass% of Na 2 O is shown in Table 4 . The major ions in the leachate were those of Ca, Si, and P. Following the addition of Ca(OH) 2 solution to adjust the pH, the leachate was separated into two layers via settling: the upper solution and the precipitate. Table 4 lists the composition of the upper solution at various pH conditions. The concentrations of each element in the upper solution decreased relative to the original leachate. The P concentration varied from 63 mg/L to ≤ 1 mg/L at pH 10. With increasing pH of the aqueous solution, the concentrations of Si, Fe, and P further decreased because of the precipitation of some substances. When the pH was adjusted to 12 the Si concentration reduced by approximately half. Figure 14 shows the solubility curves of calcium phosphates (the formation of OCP and HAP had relationships with the pH of solution) and the experimental results under various pH conditions. In the present study, the solubility of calcium phosphate in descending order was: DCPD, OCP, TCP, and HAP. Ca and P concentrations in the original leachate were lower than those required for HAP precipitation at pH 6, but were higher than the saturated concentration of calcium phosphates at higher pH conditions. It was thus possible to precipitate P in the leachate via adjusting Fig. 13 . Presumed dissolution ratios of Ca and P from solid solution at different cooling rates. the pH and increasing the Ca concentration. After precipitation, the observed points for the upper solution were located around the solubility curves of DCPD. At pH 11 and 12, they lay between the solubility curves of DCPD and OCP. DCPD was the major constituent of the precipitate and its solubility determined Ca and P concentrations in the upper solution.
In a solution rich in Ca 2 + and silicate ions, CaO-SiO 2 -H 2 O gel in the form of (CaO) 5 (SiO 2 ) 6 (H 2 O) 5.5 generally precipitates in alkaline conditions. 22) The reaction for the formation of calcium silicate hydrogel is given by Eq. (9) Figure 15 shows the solubility curves of calcium silicate hydrogel and the experimental results. With increasing Ca concentration, the Si concentration in the aqueous solution decreased. High pH suppressed dissolution of this gel. The observed point for Ca and Si concentrations at pH 9 was located near the solubility line at pH 9, indicating that the solubility of calcium silicate hydrogel determined Si concentration. As the pH decreased, the observed points moved to the solubility line at pH 12. The experimental value however was far higher than the value determined by the solubility of the gel at pH 12. The reason is not clear.
A gray phosphate product was obtained through drying and calcination. As listed in Table 5 , this product mainly consisted of CaO and P 2 O 5 . The CaO content was almost identical in each product, approximately 54 mass%. P 2 O 5 content exceeded 26 mass% and it increased further with a decrease in pH. At pH 9, the P 2 O 5 content was 34.5 mass%. With the increase in pH, the SiO 2 content in the product increased because of silicate precipitation. According to the mass balance calculation, approximately 9 mass% of the product was determined to be unknown. It is considered that this part consists of the hydroxyl (OH) which did not remove during heating and the carbide which came from the decomposition of the organic substance. Figure 16 shows XRD patterns of the products obtained. Similar peaks associated with hydroxylapatite (HAP) and silicon substituted calcium hydroxylapatite were observed in each product, indicating that the same substance was formed after calcination of the precipitates. As shown in Fig. 14 , HAP was the most stable calcium phosphate. The precipitation of phosphate from leachate depended on nucleation and growth. 19) The precipitation kinetics of DCPD was fast and DCPD precipitated instead of HAP, which determined the P concentration in the upper solution. Through calcination, DCPD contained in the precipitate was transformed to thermodynamically stable HAP. 23) In the solubility tests, 16) about 97% of P 2 O 5 in the obtained product dissolved in 2% citric acid solution, indicating most of the P was available in the soil. The phosphate product obtained had a high content of citrate-soluble P 2 O 5 and could be used as a fertilizer. The precipitation ratio of P in the leachate (R precipitation ), and the total recovery ratio of P from the modified steelmaking slag (R total ) via selective leaching and precipitation were calculated using Eqs. (10) and (11), where m is the mass of precipitate obtained, w P O 2 5 the mass ratio of P 2 O 5 in the precipitate, M the molar mass, V the volume of the original leachate, and C P the P concentration in the original leachate. As shown in Table 6 , most of the P in the leachate was concentrated in the precipitate after precipitation. The precipitation ratio of P in the leachate increased from 87.9% to 98.8% when the pH changed from 9 to 12. The dissolution ratio of P from the slag with 4 mass% of Na 2 O Fig. 16 . XRD patterns of the phosphate products obtained in this process. reached 76.9% in this case. Most of the P in the steelmaking slag was thus recovered. The total recovery ratio of P from slag exceeded 73% when the pH exceeded 10. With the increase in the pH of the leachate, the total recovery ratio of P from slag increased, while the P 2 O 5 content in the obtained product decreased.
Conclusions
The optimum conditions for the selective leaching of P were determined by investigating the effects of the cooling rate of molten slag, Na 2 O content in slag, and pH on the dissolution behavior of the modified slag in the aqueous solution. A precipitation method was applied to recover P from the leachate. The effect of pH on phosphate precipitation was studied. The results obtained are summarized below:
(1) With the increase in the Na 2 O content in slag, the dissolution ratios of Ca, Si, and P from the modified slag increased at pH 6, while Fe was barely dissolved. The addition of 2.5-4.0 mass% of Na 2 O to slag was sufficient to dissolve the majority of P-condensed solid solution in the aqueous solution.
(2) The dissolution ratio of P from the modified slag increased significantly when the pH decreased from 7 to 5. Further decrease in the pH caused little improvement in P dissolution, and resulted in dissolution of large amounts of Fe. To achieve better selective leaching of P, the pH should be controlled between 5 and 6.
(3) Compared to the quenched slag, the furnace-cooled slag exhibited a higher dissolution ratio of P and a lower dissolution ratio of Fe, indicating that slow cooling was necessary to realize selective leaching in the case of the modified slag.
(4) Most of the P in the leachate was precipitated via the addition of the Ca(OH) 2 solution. With the increase in pH of the leachate, the precipitation ratio of P in the leachate increased, while the P 2 O 5 content in the obtained phosphate product decreased. In this process, approximately 70% of P in the slag was recovered in the form of the phosphate product, which can be used as a phosphate fertilizer.
